Background: Panitumumab, a fully human monoclonal antibody targeting epidermal growth factor receptor, is used in combination with chemotherapy for patients with metastatic colorectal cancer (mCRC). However, the effects of panitumumab in combination with irrinotecan-based chemotherapy remain uncertain. Therefore, we conducted this meta-analysis to assess the efficacy and safety of combination treatment of panitumumab plus chemotherapy in the treatment of mCRC.
Introduction
Worldwide, one million patients are diagnosed annually with colorectal cancer (CRC), and 50% of them will develop metastatic disease. [1] Over the past decades, owning to the introduction of conventional chemotherapeutic agents (irinotecan and oxaliplatin), and biologic agents (bevacizumab, cetuximab, and panitumumab), the median survival of patients with metastatic CRC (mCRC) have been prolonged. [2] [3] [4] [5] [6] Several clinical trials have demonstrated the beneficial effects of adding bevacizumab or cetuximab to chemotherapy in the treatment of patients with mCRC. [4, 6, 7] However, approximately 70% of patients would have disease progression after the firstline therapy, and will receive at least 1 subsequent line of systemic treatment. [5] Oxaliplatin-based therapy is usually recommended as the initial treatment for patients with mCRC. And for those patients who have disease progression, irinotecanbased regiments with biologic therapies would be used as the second-line therapy options. [8, 9] Irinotecan could be administered either alone or in combination with leucovorin and 5-fluorouracil.
Panitumumab is a fully human monoclonal antibody that targets epidermal growth factor receptor (EGFR), and it has been used as monotherapy for patients with wild-type (WT) KRAS tumors who have disease progression after the standard chemotherapy. [10, 11] KRAS gene status is a predictive marker for the treatment effects of anti-EGFR therapies in mCRC [12] ; patients with WT KRAS tumors have beneficial effects, whereas those with mutant (MT) KRAS tumors do not derive clinical benefit. [6, 9, [13] [14] [15] We conducted this meta-analysis to evaluate the efficacy and safety of panitumumab in combination with irrinotecan-based chemotherapy regimens for mCRC.
Materials and methods
The ethical approval is not necessary for the meta-analysis.
Search strategy
We conducted a comprehensive literature search in PubMed, Embase, and Web of Science database from inception through December 12, 2015 
Review strategy
We used the Endnote bibliographic software to build up an electronic library of citations identified in the literature searches. The literature searches of PubMed, Embase, and Web of Science database were conducted using Endnote, and duplicate records were deleted. Two independent reviewers (SZ and QC) were trained to perform the title/abstract review, and full-text review. Disagreements between the reviewers were resolved by consensus and discussion.
Inclusion criteria
All clinical trials that assessed the efficacy and safety of panitumumab plus irinotecan-based chemotherapy for mCRC were considered eligible for analysis. The following inclusion criteria were applied: the study population was patients with histologically or cytologically confirmed mCRC; patients were treated with panitumumab and irinotecan-based chemotherapy; results reported data on progression-free survival (PFS), overall survival (OS), and overall response rate (ORR), and adverse events.
Data extraction
We created a standardized Excel file for data extraction. Two independent investigators (MC and ZW) extracted the following data from the included studies: leader author, year of publication, number of patients, characteristics, the treatment regimens, line of treatment, the status of KRAS gene, the median duration with 95% confidence interval (CI) of PFS and OS, ORR, and incidence of adverse events. When several publications from the same trial were present, we only included the most informative article to avoid duplication of information.
Statistical analysis
Before the original data were synthesized, we tested the heterogeneity across the studies using I 2 statistics and Cochrane Q chi-square test. [16] An I 2 value of <25, 25 to 50, 50 to 75, or >75% indicated no, low, moderate or high heterogeneity existed across the studies. [17] Studies with an I 2 >50% or a P value <0.1 were considered to have significant heterogeneity. [18] If significant heterogeneity was identified, a random-effects model was used to pool the estimate [19] ; otherwise, the fixed-effects model was preferred to summarize the data. [20] When considerable heterogeneity was found, we also performed sensitivity analysis or subgroup analysis to explore the potential sources of heterogeneity. Because the number of included studies was less than 10, the assessment of publication bias was not performed. A P value of less than 0.05 was considered statistically significant. All analyses were performed using STATA version 12.0 (Stata Corporation, College Station, TX).
Results

Study identification and selection
The selection process is presented in Fig. 1 . The initial database search yielded 1062 records. Of them, 657 were excluded because of duplicate records, and 392 were excluded based on title/ abstracts review for various reasons (abstract, letters, case report, reviews, or unrelated with our topics). Also, the remaining 13 studies were reviewed for the full-text information evaluation, 2 of which were excluded because 1 did not provide outcome of interest and 1 assessed the monotherapy efficacy of panitumumab. Finally, 9 studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] were included in this meta-analysis.
Characteristics of eligible studies
The study characteristics are shown in Table 1 . These studies were published between 2007 and 2016. The sample size ranged from 35 to 541 (total of 1338 patients). Of the 9 included studies, 2 were in Japan, [30, 31] 1 was conducted in USA, [21] 1 in France, [22] 1 in Germany, [24] 1 in China, [25] 1 in Spain, [26] and the remaining 5 were conducted in multicenter cities. [23, [27] [28] [29] Among the 7 Figure 1 . Eligibility of studies for inclusion in meta-analysis.
Chen et al. Medicine (2016) [26] and 2.5 mg/kg, [28] respectively. In 3 of the 9 trials, the combination treatment of panitumumab plus irinotecan-based chemotherapy was used as a first-line therapy, and in the remaining 6 trials, it was used as a second-line therapy.
In the trial conducted by Mitchell et al, [29] patients with mCRC were divided into 2 groups: panitumumab 6 mg/kg + FOLFIRI every 2 weeks, and panitumumab 9 mg/kg + irinotecan every 3 weeks. Since the dosage of panitumumab in most of the trials was 6 mg/kg, we only extracted the interest data from patients in the prior group.
Progression-free survival
All the studies reported the data of PFS. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The median PFS among these studies ranged from 2.70 to 11.3 months. Pooled estimates indicated that combination treatment of panitumumab and irinotecan-based chemotherapy had a median PFS of 5.83 months (95% CI 4.78, 7.11 months) (Fig. 2) . There was significant heterogeneity among the included studies (I 2 = 91.9%, P < 0.001). Therefore, we performed sensitivity analysis to explore potential sources of heterogeneity. When we excluded Table 1 Baseline characteristics of patients in the trials included in the meta-analysis. [22] France Pan 6 mg/kg + irin 180 mg/kg 65 62 (34-84) 54/11 Second-line Fornaro et al [23] Multicenter Pan 6 mg/kg + GONO-FOLFOXIRI 37 63 (33-72) 37/0 First-line Kohne et al [24] Germany Pan 6 mg/kg + FOLFIRI 154 64 (21-84) 86/68 First-line Liang et al [25] China Pan 6 mg/kg + FOLFIRI 173 59 (22-82) NR Second-line Carrato et al [26] Spain Pan 9 mg/kg + irin 350 mg/m 2 53 67 (37-83) 53/0 Second-line Peeters et al [27] Multicenter Pan 6 mg/kg + FOLFIRI 541 60 (28-84) 303/238 Second-line Berlin et al [28] Multicenter Pan 2.5 mg/kg + FOLFIRI 43 60.7 ± 15 NR First-line Mitchell et al [29] Multicenter Pan 6 mg/kg + FOLFIRI 87 NR 49/38 Second-line Yamaguchi et al [30] Japan Pan 6 mg/kg + FOLFIRI 42 62 (33-81) 42/0 Second-line Nishi et al [31] Japan the trial conducted by Fornaro et al, [23] which observed the longest median PFS of 11.3 months, the heterogeneity disappeared (I 2 = 45.7%, P = 0.21). However, the pooled estimates did not change substantially (ES = 5.53, 95% CI 4.69, 6.52 months).
We also conducted subgroup analysis based on line of treatment and KRAS status. The pooled results of studies showed that combination treatment of panitumumab and irinotecan-based chemotherapy was associated with a median PFS of 9.27 months (95% CI 7.02, 12.24 months) and 5.01 months (95% CI 4.23, 5.93 months) when it was used as the firstline and second-line therapy, respectively (Fig. 2) . Moreover, the median PFS for patients with WT KRAS tumors and MT KRAS tumors was 5.76 months (95% CI 4.41, 7.51 months) and 5.27 months (95% CI 3.89, 7.13 months), respectively.
Overall survival
Nine studies reported the data of OS. [21, 22, [24] [25] [26] [27] [29] [30] [31] The median OS among these studies ranged from 6.3 to 15.4 months. The aggregated results indicated that mCRC patients treated with panitumumab in combination with irinotecan-based chemotherapy had a median OS of 11.15 months (95% CI 9.47, 13.13 months) (Fig. 3) . There was significant heterogeneity among the included studies (I 2 = 82.3%, P < 0.001). Thus, we conducted sensitivity analysis to explore potential source of heterogeneity. Exclusion of any single trial did not change the pooled estimates substantially, which ranged from 10.86 months (95% CI 9.15, 12.90 months) to 11.77 months (95% CI 10.18, 13.59 months). However, significant heterogeneity was still present.
Subgroup analysis based on line of treatment showed that panitumumab in combination with irinotecan-based chemotherapy was associated with a median OS of 8.87 months (95% CI 5.84, 13.48 months) and 111.68 months (95% CI 9.92, 13.75 months) when it was used as the first-line and second-line therapy, respectively (Fig. 3) . Subgroup analysis based on KRAS status showed that the OS for patients with WT and MTKRAS tumors were 11.15 months (95% CI 8.55, 14.54 months) and 10.64 months (95% CI 8.35, 13.56 months), respectively.
Overall response rate
Ten studies reported the data of ORR. [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] The ORR among these studies ranged from 8% to 89%. The pooled results indicated that the ORR for patients with mCRC was 33% (95% CI 22%, 45%) (Fig. 4) . There was significant heterogeneity among the included studies (I 2 = 95.8%, P < 0.001). Thus, we conducted sensitivity analysis to explore potential source of heterogeneity. Exclusion of any single trial did not change the pooled estimates substantially, which ranged from 29% to 36%. However, the heterogeneity was still present.
We also performed subgroup analysis based on line of treatment and KRAS status. Pooled results showed that the ORR of panitumumab plus irinotecan-based chemotherapy was 61% (95% CI 32%, 91%) and 26% (95% CI 16%, 35%), respectively, when the combination treatment was used as firstline and second-line therapy (Fig. 4) . In patients with WT and MT KRAS tumors, the ORR was 37% (95% CI 23%, 52%) and 18% (95% CI 8%, 28%), respectively.
Adverse events
Ten studies reported the data of adverse events. [21, 22, [24] [25] [26] [27] [28] [29] [30] [31] Among the studies included in this meta-analysis, the incidence Chen et al. Medicine (2016) 95: 50 Medicine of adverse events induced by the combination treatment of panitumumab plus irinotecan-based chemotherapy ranged from 20.8% to 77.4%. Pooled estimates showed that the incidence of adverse events was 56% (95% CI 49%, 64%) (Fig. 5) . The most frequently observed grade 3 or 4 adverse events are listed in Table 2 .
We also performed subgroup analysis based on line of treatment and KRAS status. Pooled results showed that the incidences of adverse events in the first-line and second-line therapy were 49% (95% CI 21%, 77%) and 58% (95% CI 50%, 66%), respectively. The incidences of adverse events in the WT and MT KRAS subpopulations were 61% (95% CI 49%, 73%) and 54% (95% CI 43%, 64%), respectively.
Discussion
The present study was a meta-analysis with the objective of evaluating the efficacy and safety of panitumumab in combination with irinotecan-based chemotherapy for mCRC. The current meta-analysis demonstrated that combination treatment significantly improved PFS, OS, and ORR in patients with mCRC, especially in those with WT KRAS tumors. Patients treated with combination therapy also had well-tolerated adverse events.
To the best of our knowledge, this study is the first comprehensive meta-analysis to evaluate the efficacy and safety of combination treatment of panitumumab plus irinotecan-based chemotherapy in patients with mCRC. The results of the combined treatment were comparable with either of panitumumab or irinotecan administered as single agent. Several phase 3 trials evaluated the value of irinotecan (300-350 mg/m 2 ) in patients with mCRC who previously received the fluoropyrimidine-based chemotherapy. [3, 32, 33] In these clinical trials, they achieved an ORR of 7% to 16%, median time-to-progression of 2.8 to 4.4 months, and OS of 9.9 to 14.3 months. [3, 32, 33] Similarly, another phase 3 trial assessed the efficacy of panitumumab (6 mg/kg) in patients who previously received 2 or 3 prior chemotherapy regimens, including fluoropyrimidine, oxaliplatin, and irinotecan. [34] The ORR was 10% and median PFS was 3.2 months. [34] In another trial that included patients with WT KRAS tumors, the treatment effect was improved. [13] In that trial, patients were previously treated with oxaliplatin and irinotecan, and ORR was 17%, and median PFS and OS were 2.8 and 8.1 months, respectively. [13] In this meta-analysis, we found that the median PFS was 5.83 months for all the mCRC population. The median PFS among the included studies varied greatly, which ranged from 2.7 to 11.3 months. The longest PFS was observed in the study conducted by Fornaro et al [23] in which panitumumab combined with FOLFOXIRI (irinotecan 150 mg/m 2 , oxaliplatin 85 mg/m 2 , folinate 200 mg/m 2 on day 1, followed by fluorouracil 3000 mg/m 2 as 48-hour continuous infusion starting on day 1) was used as first-line treatment in mCRC patients with WT KRAS tumors. After a median follow-up of 17.7 months, the median PFS was reported to be 11.3 months (95% CI 9.7-12.9 months). [23] Another phase 2 trial also used the combined treatment of panitumumab with FOLFOXIRI; however, they only observed a median PFS of 6.1 months in the patients with WT KRAS tumors. [21] In that trial, they enrolled 109 mCRC patients who had failed to the first-line treatment with oxaliplatin-based chemotherapy plus bevacizumab. Of them, 64 patients were tested with WT KRAS tumors and 45 patients were tested with MT KRAS tumors. A median PFS of 6.1 months was observed in patients with WT KRAS tumors compared with 4.4 months in patients with MT KRAS tumors, which indicated an advantage for patients with WT KRAS tumors. [21] Regarding the OS, we found a median OS of 11.15 months for the combination treatment of panitumumab and irinotecanbased chemotherapy. Among the included studies, the median OS for patients with WT KRAS tumors was almost similar, which ranged from 6.3 months to 15.1 months, whereas the OS for MT KRAS tumors varied substantially, which ranged from 7.2 months to 14.5 months. The longest OS for patients with MT KRAS tumors was observed in a phase 3 trial conducted by Peeters et al [27] in which mCRC patients were administered with panitumumab plus FOLFIRI every 2 weeks. Patients with 1 prior chemotherapy regimen for mCRC and Eastern Cooperative Oncology Group performance status 0 to 2 were enrolled in that trial. These patients achieved a median OS of 14.5 months. [27] Similar treatment schedule was administered in another phase 2 trial; however, the median OS was only 7.2 months. [21] In that trial, panitumumab plus FOLFIRI was administered in mCRC patients who had failure of first-line treatment with oxaliplatinbased chemotherapy plus bevacizumab. [21] However, they observed a median OS of 7.2 months and 11.7 months in the MT KRAS and WT KRAS tumors, respectively. [21] These results confirmed that WT KRAS subpopulations would achieve better survival outcomes from combination therapy of panitumumab and irinotecan-based chemotherapy than MT KRAS subpopulations.
Similarly, patients with different KRAS tumor status had different ORR. The ORR for all the mCRC populations was 33%, and for patients with WT KRAS and MT KRAS tumors was 37% and 18%, respectively. Among the included studies, the ORR for WT KRAS tumors ranged from 16% to 89%, and for MT KRAS tumors it ranged from 8% to 38%. The highest ORR for WT KRAS tumors was observed in the trial that used Chen et al. Medicine (2016) 95:50 Medicine panitumumab plus FOLFOXIRI as first-line treatment, [23] whereas the lowest ORR was observed in the trial that used panitumumab plus irinotecan as second-line treatment. [22] For patients with MT KRAS tumors, a phase 2 trial that used panitumumab plus FOLFIRI (irinotecan 180 mg/m 2 and leucovorin 400 mg/m 2 followed by a 5-fluorouracil 400 mg/m 2 bolus and a 2400-3000 mg/m 2 continuous infusion) as first-line achieved the highest ORR of 38%. [24] However, in another trial that used the same treatment regimen of panitumumab plus FOLFIRI in the second-line, the ORR was only 8%, [29] which indicated that combined therapy of panitumumab and irinotecan would result in a higher ORR when it was used as first-line treatment rather than second-line treatment.
In this meta-analysis, we found that the incidence of adverse events was 56% for all the mCRC population. This result was comparable with the rate reported in the combined treatment of cetuximab plus irinotecan (62.1%). [9] The most common grades 3 to 4 adverse events associated with panitumumab and irinotecan-based chemotherapy regimens were skin toxicity, followed by asthenia, diarrhea, and neutropenia. Skin rash toxicities are regarded as a class-based effect of EGFR inhibitors. A previous trial has proved that pre-emptive management of skin toxicities is associated with a significantly lower incidence of ≥grade 2 toxicities without influencing the antitumor activity. [35] There were several potential limitations in this meta-analysis that should be taken into account. First, this meta-analysis was conducted of 9 trials, most of which had relatively small sample size. Trials with small sample size are more likely to result in an overestimate of the treatment effects when compared with larger trials. Second, substantial heterogeneity was tested among the included studies in this meta-analysis. However, it should not be surprising when considering the variations in patients' characteristics (age, race, primary tumor type, and site of metastatic disease), treatment schedule, and methods for KRAS status test. These factors may be responsible for the heterogeneity and have a potential impact on the pooled estimates. Third, because most of the included studies were observational trials, we could not exclude the possibility of information and selection bias, and unidentified confounders. Fourth, due to the lack of control arms, we cannot assess whether the combination treatment of panitumumab plus irinotecan-based chemotherapy was superior to panitumumab or irinotecan-based chemotherapy alone.
In conclusion, our study showed that panitumumab, in combination with irinotecan-based chemotherapy, would be a promising option for patients with mCRC, especially in those with WT KRAS tumors, since it produces pronged PFS and OS with an acceptable toxicity. However, owning to the limited data, whether combination treatment was superior to panitumumab or irinotecan-based chemotherapy alone still remains uncertain. Further well-design, larger-scale trials are needed to explore this issue.
